of COM crystal growth. Polycations such as poly(arginine) (polyR) and poly(lysine) (polyK) reduced aggregation weakly and exerted negligible effects on crystal growth. All polyions were found to associate with COM crystal surfaces, as evidenced by changes in the zeta potential of COM crystals in electrophoretic mobility measurements. On the other hand, COM aggregation and possibly growth can be promoted by many binary mixtures of polycations and polyanions, which appeared to be mediated by polymer aggregate formation rather than loss of crystal charge stabilization. Similarly, crystal aggregation promotion behavior can be driven by forming aggregates of weakly charged polyanions, like Tamm-Horsfall protein, suggesting that polymer (protein) aggregation may play a critical role in stone formation. Sensitivity of polyanion-COM crystal surface interactions to the chemical composition of polymer side groups were demonstrated by large differences in crystal aggregation behavior between polyD and polyE, which correlated with atomic force microscopy (AFM) measurements of growth inhibition on various COM surfaces and chemical force microscopy (CFM) measurements of unbinding forces between COM crystal surfaces and AFM tips decorated with either carboxylate or amidinium moieties (mimicking polyanion and polyR side chains, respectively). The lack of strong interaction for polyE at the COM (100) surface compared to polyD appeared to be the critical difference. Finally, the simultaneous presence of polyanions and polycations appeared to alter the ability of polycations to mediate unbinding forces in CFM and promote crystal growth. In summary, polyanions strongly associated with COM surfaces and influenced crystallization, while polycations did not, though important differences were observed based on the physicochemical properties of polyanions. Observations suggest that COM aggregation with both polyanion-polycation mixtures and weakly charged Abstract The formation of crystal aggregates, one of the critical processes in kidney stone pathogenesis, involves interactions between crystals (predominantly calcium oxalate monohydrate, COM) and urinary constituents (e.g., proteins), which serve as an adhesive "glue" between crystals in stones. To develop a better understanding of the protein-crystal interactions that lead to crystal aggregation, we have measured the effect of model proteins on bulk COM crystal properties as well as their adsorption on crystal surfaces using three synthetic polyanions: poly(aspartic acid) (polyD), poly(glutamic acid) (polyE), and poly(acrylic acid) (polyAA). These anionic macromolecules reduced the amount of COM crystal aggregation in bulk solution to an extent similar to that observed for mixture of proteins from normal urine, with little difference between the polymers. In contrast, the polymers exhibited differences in measures polyanions is promoted by polymer aggregate formation, which plays a critical role in bridging crystal surfaces.
Introduction
Characterizing the role of urinary macromolecules has been a major focus of stone research for many decades, with numerous reviews being published on this topic [1] [2] [3] [4] . Beginning with the first identification of macromolecules as major components in stone matrix [5] , most research has been centered on proteins, which account for ca. 65% of the matrix mass; however, glycosaminoglycans and other polysaccharides found in both urine and stone matrix also have received attention [6] [7] [8] [9] . Many homeopathic medicines from various plant products and extracts are thought to contain polysaccharide inhibitors of stone formation [10] [11] [12] . Macromolecules such as RNA and DNA are also present in stones, albeit at very low levels, and consequently have attracted little attention. Supramolecular assemblies, such as lipid bilayers that comprise cell membranes, also can function in a manner similar to that of macromolecules, as they contain interfaces with functional groups that collectively can interact with crystal or stone surfaces. The existence of well-defined binding moieties in each of these examples suggests a general model for the role of macromolecules in stone pathogenesis, which constitutes a major knowledge gap in the mechanism of stone formation.
The discussion herein is restricted to stones containing calcium oxalate (CaOx) as the principal crystalline component of these microcrystalline aggregates. Approximately 75% of stones analyzed contain crystals of calcium oxalate monohydrate (COM), calcium oxalate dihydrate (COD), or mixtures of these two phases. Most CaOx stone formers have no clear metabolic derangement, suggesting that macromolecules play a predominant role in CaOx stone formation. While calcium phosphate crystals in various phases (i.e., hydroxyapatite, basic calcium phosphate, and brushite) are frequently found in stones as a minor component, they less commonly comprise the majority of the crystalline fraction, and frequently they are the major component only in association with an underlying disease process. Likewise, crystalline phases of uric acid, struvite (magnesium ammonium phosphate) and l-cystine are commonly found in stones only in association with specific physiologic derangements. In these cases, macromolecules may be less important in triggering formation of these stones.
Proteins and other organic components coat nearly every surface of each microcrystal in CaOx stones [13] , though the total organic content is typically only 2-3% by weight [14] [15] [16] . The most recent research employing proteomic methods has shown that hundreds of proteins are found in CaOx stones and that many of the same proteins are present in other stone types [17] [18] [19] [20] [21] [22] [23] [24] . The matrix component tends to be a larger fraction of the total stone mass in other stone types (Neil Mandel, private communication), but generally little is known about differences between matrix components in disparate stone types. Consequently, the emphasis herein on macromolecular interactions with CaOx is relevant to the most common stone, but the generalizability to other stone types is uncertain.
Kidney stone formation is a form of biomineralization, which is ubiquitous in nature. A common process in biomineralization is the controlling interaction between macromolecules and crystal surfaces, which is thought to be facilitated by multivalent ions that bridge opposing charge groups between proteins and ions in the crystal lattice in commonly formed calcium-based crystals [25, 26] . Notably, proteins influence calcification in living systems, such as the formation of mollusk shells, human bone, and vascular plaque (e.g., atherosclerosis) [27] [28] [29] . In the case of kidney stones, interactions between urinary constituents and CaOx crystals may influence one or more critical processes in stone pathogenesis, including crystal nucleation, growth, aggregation, and attachment of crystals and/or aggregates to epithelial surfaces of the kidney [30] . A variety of urinary constituents have emerged as possible inhibitors of crystal aggregation and cell attachment, particularly anionic proteins and glycosaminoglycans [31] [32] [33] [34] . Yet urinary macromolecules also are reported to promote COM aggregation and/or attachment to epithelial cells in some studies [35] [36] [37] . Alteration of phospholipid layers in cell models that facilitate crystal adhesion is another manifestation of macromolecular interactions [38] . These divergent roles of naturally occurring macromolecules have been reviewed on multiple occasions [17, 39] , but the number of proteins contributing to the process complicates further interpretation of data.
This review will focus on reports that have explored the fundamental processes underlying the formation of microcrystalline CaOx aggregates that constitute stones, including results from previously unreported experiments that create a framework for understanding stone formation. Recognizing that most natural proteins reported to inhibit COM crystallization contain a high proportion of aspartic and glutamic acid residues (up to 40%) [40] , we have investigated extensively the anionic polymers illustrated in Fig. 1 . In vitro studies reveal that polyelectrolytes with carboxylate functionalities interact strongly with COM surfaces and exert influences similar to urinary proteins from normal urine on calcium oxalate crystallization processes [41] [42] [43] . Polyanionic protein adsorption from solution onto 1 3 COM crystal surfaces can inhibit stone formation by altering crystal habit, inhibiting growth, and directing CaOx crystallization toward COD; a thermodynamically less stable crystal structure that appears to be less active in stone formation [43, 44] . On the other hand, polyanion interactions with COM surfaces can promote processes associated with stone formation by facilitating COM crystal attachment to cellular surfaces of the kidney [45] [46] [47] , or inducing COM aggregation through self-association (e.g., polyanion aggregation) [48, 49] or by other polymer aggregation processes (e.g., formation of polyanion-polycation aggregates) [49] . Conversely, few examples of cationic macromolecules interacting strongly with COM crystals have been reported [50] , though they play a critical role in polyanion-polycation aggregate formation which induces COM aggregation [49] . Also, cationic side chains appear to be critical to crystal growth acceleration, as observed with some amphiphilic proteins [51] . Collectively, in vitro studies suggest that both polymer-polymer and polymer-crystal interactions are important to stone formation.
Experimental methods

Materials
Calcium oxalate monohydrate (COM) crystals were prepared using HEPES (sodium salt, 99%, Acros Organics) and the following reagents from Sigma Aldrich: sodium oxalate (Na 2 C 2 O 4 , ≥99.5%), calcium chloride dihydrate (CaCl 2 ·2H 2 O, ≥99%), and sodium chloride (NaCl, ≥99%). The polyelectrolytes used in these studies were purchased from Sigma Aldrich (multiple different batches with various molecular weights): polyAA partial sodium salt, polyD sodium salt, polyE sodium salt, polyK hydrobromide, and polyR hydrochloride. Cantilevers employed in atomic force microscopy (AFM) studies were modified using 11-mercaptoundecanoic acid (95%) and mercaptoethylguanidine hemisulfate salt from Sigma Aldrich. All reagents were used as received without further purification.
Calcium oxalate monohydrate crystallization
COM crystals for AFM analyses were synthesized by a procedure designed to maximize the (100) surface. A 20-mL solution of composition 1.0 mM CaCl 2 :1.0 mM Na 2 C 2 O 4 :150 mM NaCl was prepared in a glass vial by first dissolving NaCl in deionized water, then adding 2 mL of 10 mM CaCl 2 while stirring. The sample vial was sealed and placed in an oven at 60 °C for 1 h prior to adding 2 mL of 10 mM Na 2 C 2 O 4 dropwise, after which the sample was returned to the oven for a minimum of 48 h to allow complete crystallization of COM. Detailed procedures used to generate COM crystals with large (010) and (12-1) faces are reported in a previous paper [52] .
COM crystal "seeds" for aggregation assays were synthesized by mixing 10 mM stock solutions of CaCl 2 and Na 2 C 2 O 4 at a rate of 1 mL/min (total volume = 4 L) followed by stirring for 1 week at room temperature. Crystals were allowed to settle by gravity, wherein the supernatant was aspirated and crystals were recovered by low-speed centrifugation. The crystals were washed twice with methanol and dried in air at 65 °C. The monohydrate crystal structure was confirmed using powder X-ray diffraction (courtesy of Neil Mandel, Mandel International Stone and Molecular Analysis Center, Milwaukee, WI). A 1.5 mg/mL stock solution of crystal seeds was prepared by suspending the dry crystals in a buffer solution (10 mM HEPES and 150 mM NaCl, pH 7.5), which was continuously stirred for 3 weeks prior to use. 1 Anionic and cationic polyelectrolytes mimic the amino acid residues of common urinary proteins. Putative inhibitors of COM stone formation are rich in aspartate and glutamate amino acids, which differ by one methylene group. Poly(acrylic acid) (polyAA) is a synthetic polymer containing carboxylic acid side chains placed even closer to the polymer backbone than observed in polyD and polyE. In vivo studies suggest urinary proteins rich in cationic amino acids, similar to arginine (polyR) and lysine (polyK), are not implicated in stone formation (i.e., histone), though they are observed in stone matrix 1 3 AFM chemical force microscopy measurements AFM measurements were performed with an Asylum Research MFP-3D Stand Alone instrument (Santa Barbara, CA). Silicon nitride cantilevers (Veeco Probes, NP model) were used for all chemical force microscopy (CFM) measurements. The cantilever spring constant was measured by the thermal method [53] , which yielded values within ±50% of those reported by the manufacturer (0.12 N/m). Functional groups were immobilized on AFM tips using an established procedure [52] , whereby the tip surface was coated with a 5-nm chromium layer followed by 30-nm of gold. Tips were immediately immersed in 1 mM thiol solutions (in ethanol) using 11-mercaptoundecanoic acid, SH(CH 2 ) 10 COO − , and mercaptoethylguanidine, SH(CH 2 ) 2 NHC(NH 2 ) 2 + , to functionalize AFM tips with carboxylate and amidinium groups, respectively.
All CFM measurements were performed in a 0.11 mM calcium oxalate (CaOx) solution. The (100) surfaces of COM crystals were first imaged to locate suitable areas for force measurements. Tip damage was minimized by lightly engaging the tip and imaging in tapping mode at a low scan rate (1.0 Hz). The unbinding force was measured in contact mode with a deflection set point of 20 nm and a retraction velocity of 6 µm/s. A 5 × 5 µm 2 area on the crystal surface was randomly sampled, measuring 10 force curves at ca. 25 different locations. The liquid cell was frequently replenished with fresh CaOx solution, allowing 15 min for the laser deflection signal to equilibrate after each liquid injection. The above procedures were repeated on different surface areas to generate more than 1200 individual force pull-off curves. Data were converted to force histograms and the average force was computed with a normal distribution (labeled F CaOx for interactions of modified tips with the bare COM (100) surface).
The unbinding force was measured in the presence of polyelectrolytes by injecting 0.11 mM CaOx solutions containing 5 μg/mL polymer into the sample cell and allowing 1.5 h for equilibration. AFM measurements were performed using the same protocol. The unbinding force between modified tips and COM (100) surfaces in the presence of polyelectrolytes (labeled F additive ) was calculated from an average of 1200 or more pull-off curves.
COM-polyelectrolyte aggregation assays
COM crystal aggregation was assessed as previously described [49] . Metastable solutions of 0.25 mM CaOx in HEPES buffer (HB: 150 mM NaCl and 10 mM HEPES, pH 7.5) were incubated with or without polyelectrolyte(s) for 15 min at 37 °C. COM seed crystals were added to the buffer solution (1.5 mg/mL seeds in HB) and the slurry was mixed for 1 h. The particle size was measured (see "Particle size distribution analysis" section) to assess the level of aggregation in the absence and presence of polyelectrolyte. In studies of oppositely charged polyelectrolyte mixtures, the polycation was added first to the COM slurry followed by the polyanion, allowing 1 h of incubation prior to analysis. The relative change in particle diameter (R D ) was used as an assessment of particle aggregation, where R D > 1 implies aggregation and R D < 1 disaggregation.
Polyelectrolyte aggregation assays
Serial dilutions of polycation and polyanion mixtures were prepared in separate 96-well plates (total volume = 0.2 mL) with compositions of 0.25 mM CaOx in HB (i.e., high salt) or 0.075 mM CaOx in 10 mM HEPES at pH 7.5 (i.e., low salt). The CaOx concentrations represented equivalent levels of relative supersaturation at the two different salt concentrations based on calculations using SPEC96, a speciation program developed by George Nancollas (used with permission). Turbidimetric (λ630, PowerWave XS, Biotek) and particle size analyses were performed at room temperature allowing a 15-min equilibration period following the addition of polyelectrolyte(s).
Particle size distribution analysis
COM crystal slurries with and without the addition of polyelectrolyte were characterized using an Accusizer 780 (Particle Sizing Systems, Santa Barbara, CA). This instrument is equipped with a 10-mL sampling syringe that measured duplicate 4-mL samplings in the summation mode (0.5-500 µm) for each analysis. Particle size was immediately assessed on COM crystal aggregation assay samples by adding 100-300 µL aliquots into 15 mL sizing buffer (0.225 mM CaOx, HB).
Zeta potential measurements
The zeta potential was measured with a NICOMP 380/ ZLS (Particle Sizing Systems, Santa Barbara, CA) using a dynamic light scattering method to determine the electrophoretic mobility. Samples were placed in plastic cuvettes equipped with a platinum electrode. A reference power spectrum was taken without an applied electric field, and then a second time under constant electric field to obtain the sample spectrum. Built-in software was used to calculate the Doppler shift (i.e., change in frequency between the reference and sample spectra) to obtain the electrophoretic mobility,
where U is the electrophoretic mobility (μm/s), ∆ν is the Doppler frequency shift, λ o is the laser wavelength, n is the solution refractive index, θ is the scattering angle, and E is the applied electrical field (V/cm). The zeta potential (ζ) is calculated by the Smoluchowski equation:
where η is the solution viscosity (Poise) and ε is the dielectric constant of water. Samples were prepared for zeta potential measurement by placing 750 μg of COM crystal slurries in a cuvette containing 3 mL of saturated calcium oxalate and NaCl. Polyelectrolyte(s) was added to the slurry, allowing 1 h for adsorption to crystal surfaces. In studies of binary polyelectrolyte mixtures, polycations were added first and allowed to equilibrate for 1 h prior to the addition of polyanions (though we observed that the order of mixing had no detectable effect on the outcome of the experiment).
Results and discussion
Polymer-polymer interactions
Most proteins are molecularly dispersed (i.e., dissolved) in urine, which is a complex aqueous solution. Generally speaking, proteins are stabilized in solution by the presence of hydrophilic (particularly ionic) amino acids and post-translational modifications. In solution, these proteins may be more compact than fully ionic polymers due to the presence of a substantial fraction of hydrophobic amino acids that promote folded (secondary and tertiary) structures. Polymer-polymer interactions that are important to stone formation are long-range (length scale commensurate with the size of proteins or longer) and can promote macromolecular (e.g., protein) aggregation. While certain proteins are capable of forming stable aggregates of discrete size (containing only a few individual proteins molecules), aggregation can occur on a much larger scale leading to phase separation. Mixing nearly equal amounts of highly anionic proteins with highly cationic proteins provides a classic example of this behavior [54] . Indeed, such a mixture was reported to provoke COM crystal aggregation, although the existence of a polymer aggregate phase was not recognized at the time [49] . An example of proteininduced COM aggregation was reported for the protein Tamm-Horsfall protein THP, which is a weak electrolyte that has the propensity to form large aggregates via
hydrophobic forces. Prior studies have shown that COM intercrystalline aggregation is promoted under conditions of moderate THP aggregate adsorption on crystal surfaces [48] , thus providing a context for conflicting observations in prior literature. Indeed, these findings highlight the sensitivity of polymer-crystal interactions to polymer aggregation behavior. Numerous experimental and theoretical studies related to the self-assembly of oppositely charged polyelectrolytes have appeared owing to their applications in medicine, biotechnology, photonics, and catalysis, among others [55] . A significant body of work has been published on polymer layer-by-layer (LbL) assembly [56] , wherein multicomponent structures are constructed via interactions that include (but are not limited to) electrostatics, hydrogen bonding, covalent bonding, hydrophobic interactions, hybridization, and/or biological recognition [56] [57] [58] [59] . The association of oppositely charged polymers in solution leading to phase separation has been investigated extensively as a function of polymer chain length as well as the pH and ionic strength of solutions, including conditions that are far from physiological relevance [54] . Prior studies have revealed that polyanion/polycation mixtures form a separate phase (detectable by turbidity) containing a high concentration of macromolecular (protein) ion pairs with substantial water content, even from solutions containing very low polymer concentrations (<0.1% or <1 µg/mL) and moderate salt concentrations (0.05-0.5 M NaCl). Polymer condensation depletes the solution of both polycations and polyanions through a process akin to polymer-induced liquid phase (PILP) formation described by Gower et al. [60] . The PILP process has been extensively investigated in biomineralization systems. While polyanion-polycation pairing is strongly favored even at lower concentrations, detection of aggregates under such conditions is often problematic. At high (non-physiologic) salt concentration, polymer aggregates redisperse (or redissolve) when the small ions reach concentrations adequate to screen the long-range ionic interactions driving polymer aggregation. In the two-phase region, microscopic droplets of the polymer aggregate phase can coalesce, analogous to the behavior of oil-water mixtures. Polymer coalescence can take minutes or longer at low droplet concentrations. It is expected that a separated phase will form more readily as polymer or protein chains become longer; and aggregate formation will be maximized when the number of opposing charges on oppositely charged chains are nearly identical. Aggregation still occurs in mixtures with unequal quantities of oppositely charged proteins (e.g., it has been reported with as little as 10% of the minor component) [54] . The presence of these aggregates in non-stoichiometric polyanion-polycation mixtures caused changes in COM nucleation, aggregation, and growth rate [61] .
A representative example of polyelectrolyte phase behavior is illustrated in Fig. 2 for mixtures of polyR and polyD, which is pertinent to protein-crystal interaction studies discussed below. The formation of polymer aggregates (presence of a second phase) was detected by increased turbidity in mixtures containing nearly equal amounts of polyR and polyD at higher polymer concentrations. Note that the two-phase region expanded to lower polymer concentrations at physiologic salt concentrations compared to low salt conditions, similar to previous studies [54] . The dashed line in Fig. 2 denotes a neutral ± charge ratio corresponding to a 1:1 polyD-polyR mixture (per monomer basis, assuming complete ionization). While polyelectrolyte aggregation was expected to occur near the line of zero charge, producing a symmetric two-phase region around that line, the observed two-phase region was clearly shifted to polycation-rich solutions. The explanation for the observed displacement from the equal charge line remains uncertain, though it may reflect either less complete ionization of the polycations compared to the polyanions or a greater amount of impurity in the former. To this end, ion chromatography was used to probe the purity of different lots of polyD and polyR by measuring the counterion concentrations (Na + for polyD and Cl − or Br − for polyR). These experiments revealed Na + concentrations at about 95% of the expected value for polyD based on the weight of polymer added, but only 80% of the expected value for Cl − or Br − in polyR samples; consistent with the offset to polycation-rich conditions observed in Fig. 2 .
The observed phase behavior can be explained on the basis of electrostatic forces and screening of charges on the polymer chains by the surrounding electrolytes. For example, charge sites on a polyanion chain would experience electrostatic repulsive forces with respect to other anionic sites on the same polymer chain, which favors stretching of the chain to increase the distance between proximal charges, thereby reducing electrostatic repulsion. Likewise, this chain would repel other anionic chains in the solution to remain dispersed. A positive charge on a cationic polymer (or protein) introduced into this environment would experience electrostatic attractive forces with the anionic polymers, leading to ion pairing interactions that will concomitantly reduce the net repulsive forces between anionic moieties on polyanions. The fact that a polycation contains many charges that interact simultaneously with the polyanion leads to an amplification of these attractive forces that increases with the chain length (molecular weight), strongly favoring pairing of polycations with polyanions to form large aggregates that ultimately constitute a separate phase [54] . Added salt(s) screens electrostatic interactions, reducing attractive and repulsive intra/inter-polymer interactions, though long-range interactions remain sufficiently strong at physiologic salt concentrations to allow polymer aggregate formation and phase separation. At salt concentrations of 1 M or higher, the electrolytes screen all but very short-range charge interactions, eliminating the amplification of attractive forces between oppositely charged polymers that derive from longer range interactions, causing the polymer aggregates to redissolve. These conditions are outside the range of normal urine physiology, but the general concepts of electrostatic screening are important to understanding the solution behavior of weakly charged polyelectrolytes, such as THP.
Polyelectrolytes are stabilized in aqueous solution by the presence of charged groups. For instance, urinary proteins (i.e., weakly charged polyelectrolytes) are predominantly anionic. The globular or tertiary structures (i.e., chain folding motifs) of many proteins are a consequence of an entropic driving force (notably, the removal of hydrophobic amino acids from contact with water to minimize the free energy). The presence of dissolved salts generally reduces the solubility of urinary proteins, because the weaker long-range electrostatic repulsive forces are more easily overwhelmed. Coalescence (aggregation) of these proteins is dominated by hydrophobic interactions and van der Waals forces, but the accumulation of charge with protein aggregation may reach a critical limit that prevents further addition of proteins beyond a finite size. This behavior is illustrated by the aggregation of desialylated THP [48] in 150 mM NaCl (physiologic saline) wherein the formation of stable aggregates of finite size was independent of THP concentration. Conversely, the same protein remained Fig. 2 Phase diagram for polyR-polyD mixtures at low salt and 150 mM NaCl. The molecular weight of polyR and polyD were 26 and 36 kDa, respectively. Dashed line represents composition with equal numbers of anions and cations (calculated). Cloud point determinations were based on using a particle sizing instrument as a detector. Increased turbidity was observed at higher polymer concentrations in mixtures containing nearly equal amounts of polyR and polyD indicating the formation of polymer aggregates; a second, concentrated polymer phase, in these dilute solutions. Note that the twophase region is observed at lower total polymer concentrations in the presence of 150 mM NaCl compared with no added salt molecularly dispersed (dissolved) at low salt concentrations. Identical behavior was observed for native THP, but at much higher salt concentration. Notably, native THP remained molecularly dispersed in 150 mM NaCl, but phase separates from solution (and other dissolved proteins) by aggregation at ca. 0.5 M NaCl. Aggregates of either native or desialylated THP induced COM crystal aggregation, while their molecularly dispersed forms prevented crystal aggregation, as discussed below. Careful scrutiny of experimental conditions in many discordant results for THP [32, [62] [63] [64] [65] [66] [67] suggests that the presence or absence of THP aggregates was likely an unrecognized variable in these experimental results.
It seems likely that protein aggregate formation in urine environments observed for THP can be generalized to other proteins owing to their limited solubility in water and the amphiphilic nature of an aggregate phase to accommodate both ionic and hydrophobic moieties in typical proteins. The most direct example is illustrated in Fig. 3 , where 1-dimensional sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis data are depicted for normal urine macromolecules in lane 2, macromolecules remaining in the supernatant fluid (lane 3), and macromolecules included in the protein aggregate formed by adding polyR to urine (lane 4). Elution positions are indicated for THP and two additional common urinary proteins, human serum albumin (HSA) and osteopontin (OPN). Clearly, most urine proteins were included in the aggregate phase, despite the fact that only OPN can reasonably be described as a strong polyanion that would dominate interactions with polyR. For the case of weakly charged polyelectrolytes (e.g., THP), this tendency was exemplified in a Far Western blot, for which desialylated THP exhibited a strong affinity for most urine proteins on an SDS-PAGE gel; however, native THP did not bind to any of these proteins, presumably reflecting the absence of stabilizing charge groups in desialylated THP.
Protein-crystal interactions
Molecular weight effects
The polymeric nature of proteins is an important consideration for protein interactions with CaOx crystal surfaces, as the number of ionic side chains in polyelectrolytes strongly influences their interactions with crystal surfaces and, subsequently, their efficacy as crystal growth inhibitors. We have explored the molecular weight dependence for CaOx crystal growth rate inhibition using a series of molecular weights of polyD, which has been used frequently as a model polymer for anionic urinary proteins, such as OPN. As illustrated in Fig. 4 , the concentration of polyD required to achieve equivalent inhibition of crystallization processes is reduced by about 10,000-fold when comparing a protein containing 60 amino acid residues with the amino acid monomers acting independently. Similar behavior was observed when comparing aggregation inhibition of COM seed crystals (Fig. 4, diamonds) or the ability to direct crystallization to COD rather than the thermodynamically more stable COM phase (Fig. 4, circles) , both correlating with significant COM growth rate inhibition (>90%) [61, 68] .
Critical molecular weights for polyD and polyAA in CaOx growth inhibition can be defined as the molecular weight where the minimum mass concentration (number 4 Polymer molecular weight effects on the inhibition of COM aggregation or COD formation are illustrated in this log-log plot of polymer concentration (conc) vs degree of polymerization (n, chain length) for polyD. The diamonds show the concentration of polyD required at each molecular weight to achieve R D = 0.9 in the aggregation assay. The circles show the concentration of polyD at each molecular weight required to achieve 50% COD formation as a measure of growth rate inhibition of COM 1 3 of monomer units) of the polyanion is required to achieve the same level of inhibition in testing a series of molecular weights. As shown in Fig. 5 , the polymer concentration required to obtain 50% COD in a spontaneous nucleation assay for various molecular weights of polyAA (squares) and polyD (diamonds) reveals a critical molecular weight for each polymer (ca. 5 kDa for polyAA and 15 kDa for polyD). Notably, polyAA appears to be a more efficient inhibitor of CaOx crystallization, as smaller quantities and shorter chains were required to reach the same level of inhibition. Similar characteristics were observed for the inhibition of CaCO 3 formation by polyAA, which has been examined for its prevention of CaCO 3 scale formation in water pipes [69] . These studies imply that polymers smaller than a critical size (that is, monomers or small oligomers) were much less efficient inhibitors, as multiple molecules were required to bind simultaneously to provide enough carboxylate moieties at a crystal growth site to equal the effect of a single, sufficiently large polymer that can effectively block the entire growth site. Still larger polymers offer no greater benefit than the critical size polymer, because at least one chain must bind to block a growth site and additional monomers beyond the amount required to block an active growth site increase the mass concentration without increasing inhibitory properties.
Polymer chemical structure effects
Defining the crystallographic faces of CaOx crystals is an important first step in examining CaOx crystal interactions, since the arrangement and orientation of surface ions differs between different faces of COM and COD crystals (Fig. 6 ). For instance, we have observed preferred polymer interactions at different crystal faces [30] . In prior chemical force microscopy (CFM) studies, we have measured the unbinding force of chemically functionalized atomic force microscopy (AFM) tips with specific CaOx crystal surfaces. Gold-coated AFM tips were modified with either 11-mercaptoundecanoic acid or mercaptoethylguanidine to mimic aspartic acid/glutamic acid (carboxylic acid, -COO − ) or arginine (amidinium, -C(NH 2 ) 2 + ) side chains, respectively. The COM (100) face (large hexagonal surface) demonstrated the strongest unbinding force, while the COD (101) face (large triangular surface) demonstrated the weakest unbinding force [30] . The unbinding force was correlated with the surface ion (Ca 2+ or Ox 2− ) density at each face, and the clinical observation that COM crystals are more common in stones than COD [44, 70, 71] is consistent with the fact that the largest faces on COM crystals are most adhesive, while the largest faces on COD are least adhesive toward common protein functional groups [72] .
Similarly, the influence of anionic polymers or urinary proteins at CaOx crystal surfaces can be observed by comparing their effects on CFM measurements of unbinding force at each surface. As shown in Fig. 7 [73] , three anionic polyelectrolytes generally reduce the unbinding force for the carboxylic acid-functionalized tip at each of the three principal surfaces of COM crystals (except that polyE exerted negligible effect on the unbinding force at the (100) face). These data suggest that polyanions generally bind strongly to COM faces, interfering with tip-crystal binding, though the weaker interaction of polyE with the (100) surface indicates some chemical specificity in this interaction. Likewise, CFM measurements with amidinium-modified tips yielded similar results (see Fig. 8 ), though in this case, polyAA demonstrated reduced effectiveness in reducing unbinding force at COM (100) compared to polyD and polyE.
In situ AFM measurements of COM surfaces growing in the presence of polymeric additives revealed distinct differences in the anisotropic growth rates of the three prominent COM surfaces: (100), (010), and (12-1) faces [50] . Notably, polyE reduced growth along the [010] direction (i.e., analogous to the effects of urinary proteins, such as OPN [74, 75] ), while polyD and polyAA inhibited COM growth along the [100] direction. PolyAA was the most potent inhibitor of layered growth in all measured directions on both faces. PolyE exhibited weak growth inhibition on the (100) face, but was more potent than polyD on the (010) face, consistent with CFM measurements [50] .
Differences in chemical functional group interactions with crystal surfaces at the molecular level correlate with reported differences in bulk crystallization properties, such as the phase and morphology of spontaneously nucleated CaOx crystals. Whereas polyD and polyAA promoted COD crystallization, polyE induced a dumbbell aggregate of COM at higher (physiologically relevant) concentrations [50, 68] . Polyanions with carboxylic acid residues strongly inhibited COM growth, with inhibition efficacy decreasing in the order polyAA > polyD > polyE [61] . While these polymers demonstrated roughly equivalent effectiveness at preventing aggregation of COM seed crystals at near equilibrium conditions, where all promoted disaggregation [49, 61] , their effects in supersaturated media differed. PolyD prevented COM aggregation that is normally observed under supersaturated (growth) conditions in a constant composition growth assay, which has been defined as growth-related aggregation, while polyE promoted this process [61] . PolyAA was not tested in this system, because it interfered with the function of the calcium-sensitive electrode in the constant composition assay. Collectively, these observations indicated that polyanions generally bind to COM and inhibit growth and aggregation processes, but that small differences in chemical structure between polyD, polyE, and polyAA side groups were associated with differences in both face selectivity and bulk crystallization processes. These differences have important ramifications in polyelectrolyte mixture studies described herein.
Admittedly, native proteins are more complicated structures compared with model polyelectrolytes, as the former (100) surface with amidinium and carboxylic acid-functionalized AFM tips in solutions contained various polyelectrolytes. The relative unbinding force was calculated as the ratio of the force measured in the presence of polyelectrolyte, F additive , to the force measured on the bare COM (100) surface in the absence of additive, F CaOx contain many different amino acids (e.g., combinations of D and E residues), additional anionic sites (e.g., phosphorylation and glycosylation), and more complex secondary/tertiary structure. While experiments with native anionic urinary proteins tend to support the inhibitory role of polyanions on COM crystallization processes [76] , some unanticipated results have been reported. For example, the unbinding force measured at the (100) surface in the presence of OPN was larger than the control [52] , but preferential binding on the (010) surface was implicated by the kinetic inhibition of growth hillock formation [77] . Since OPN contains predominantly D residues (25% compared to 15% E residues), a reduced unbinding force at the (100) surface would have been anticipated with OPN binding. Similarly, its binding preference for the (010) surface is surprising. Several in vivo studies have associated OPN with promotion of stone formation, principally through its ability to simultaneously bind to CaOx crystal and cell surfaces [45] . Obviously, other chemical structural details must play a role in native protein interactions with COM crystals and stones. Other native proteins, like serum albumin and THP, exhibit much weaker interactions with CaOx crystals, though they still inhibit crystal growth and aggregation as long as they remain in solution as molecularly dispersed species. Conversely, proteins can function as crystal growth promoters. One recent report [17] described COM growth promotion by proteins extracted from stone matrix and purified by ion exchange chromatography and molecular sieving, though SDS-PAGE analyses suggested that some of these isolates contained more than one protein. Another report by Farmanesh et al. described similar growth promotion for two proteins (lysozyme and lactoferrin) as well as peptide fragments of lysozyme containing both anionic and cationic residues [51] .
The role of non-ionic amino acids must also be considered. Indeed, most protein structures are dominated by non-ionic amino acids, which typically show no apparent effect on crystallization. Experiments examining segments of native protein structures have shown that the inhibitory properties were enhanced by increasing the number of anionic side chains in a segment, generally by adjusted post-translational modifications such as phosphorylation [78] [79] [80] [81] . Similar work has been reported for model peptides containing different numbers/sequencing of aspartic acid residues, with increased inhibition of COM growth for increasing acid content [82] . The non-ionic amino acids apparently have little effect on protein-crystal interactions beyond dilution of the effect of the strongly interacting anionic groups or spatial separation of charged groups along the primary sequence, though one publication showed the hydrogen bonding, non-ionic amino acids like serine could enhance surface interactions compared to other non-ionic amino acids [83] . Also, hydrophobic interactions at crystal surfaces have been suggested to play an important role in growth acceleration based on data in calcite (calcium carbonate) [84] . While modeling the complexity of the mixture of hundreds of urinary proteins is beyond our current level of understanding of protein-crystal interactions, numerous studies have revealed that the mixture of proteins from normal individuals inhibits growth and aggregation of COM crystals, consistent with net anionic character of the protein mixtures [85] . In our experiments, the behavior of the mixture of urinary proteins in various bulk crystallization studies was best modeled using polyD as a biomimetic polyanion.
Prior studies indicate that polycations, such as polyR and polyK, are ineffective inhibitors of COM crystal growth in bulk measurements. This is somewhat surprising given that CFM measurements reveal a similar strength of adhesive interaction for both amidinium and carboxylic acid-functionalized AFM tips to CaOx crystal surfaces [52] . These polycations weakly disaggregated COM seed crystals compared to polyanions under near equilibrium conditions, and they exhibited little or no effect on growth, aggregation, or phase selectivity [61] , although weak growth promotion by proteins and peptides with cationic residues in the presence of nearby anionic residues has been reported [51] . Moreover, no discernible effect of these cationic polymers on COM morphology was observed in spontaneous nucleation experiments. Interestingly, the presence of polyR in solution did not affect the unbinding force for a carboxylic acidfunctionalized tip at the COM (100) surface (see Fig. 7 ), suggesting that interactions between polycations and COM surfaces are weak compared to those exhibited by carboxylic acid groups. These observations were consistent with CFM measurements performed with amidinium functionalized tips (Fig. 8) , wherein polyanions reduced the unbinding force and polycations had no effect. Differences were observed in unbinding force measurements dependent on chemical structure of polymer side groups. Notably, polyD and polyE exhibited similar reduction in unbinding force, while polyAA had a less pronounced effect with amidinium functionalized tips. In contrast, the carboxylic acid-functionalized tip data showed polyAA and polyD to be similarly effective at reducing unbinding force, while polyE was ineffective.
Zeta potential (ζ) measurements in the presence of polyelectrolytes (Table 1) reveal that these "model proteins" associate with the COM surface and affect surface charge. The zeta potential of COM crystals in the absence of polyelectrolytes (control sample) was −14 mV in both low salt (0.15 mM CaCl 2 and Na 2 Ox) and high salt (0.2 mM CaCl 2 and Na 2 Ox with 150 mM NaCl) buffers. In the presence of polyanions at 5 µg/mL concentration, COM crystals maintain a negative charge, but the magnitude of ζ decreases as polyAA > polyD > control > polyE, which is similar to the trend of decreasing charge density of acid groups per monomer in each polyelectrolyte. The high salt condition (mimicking physiologic saline) appeared to make the surface more strongly negative for each polyanion, though the differences in charge were close to the observed measurement error of ±2 mV. Conversely, the polycations, polyR and polyK, at 5 µg/mL concentration shifted the net charge to positive with similar magnitude and little dependence on added salt concentration. Evidently, polycation association with COM was sufficiently strong for the polymer to reside within the diffuse double layer or hydrodynamic sphere (the thin layer of solvent and ions adjacent to the particle surface that moves with the particle in the presence of an electric field) surrounding the crystal, despite the relative lack of influence on other crystallization processes.
Collectively, our observations show that polyanions (i) exhibit very strong binding interactions at COM surfaces; (ii) modify the effective surface charge to a value dependent on the individual adsorbate, and (iii) generally operate as inhibitors in all aspects of crystallization. Differences in polyanion-crystal interactions, particularly between polyD and polyE, demonstrate nuances sensitive to the chemical structure of adsorbates. On the other hand, polycations weakly interact with COM surfaces and have much less influence on crystallization, though they associate with COM to a sufficient level to alter surface charge. Classical colloidal chemistry posits that a mixture of polycations with negatively charged particles (e.g., COM crystals) in suspension should induce aggregation [86] . Since crystal aggregation is such a critical component of stone formation, the connection between surface charge and aggregation was studied more carefully.
Systematic studies of polyR effect on COM surface charge revealed an increase in ζ with increasing polyR concentration, and effective COM charge neutralization (ζ = 0 mV) was achieved at about 1.43 ng polyR/μg COM (Fig. 9a) . As polycation coverage on COM surfaces increased further, ζ continued to rise rapidly to the apparent saturation value of ζ = +13 mV (see Table 1 ). Bulk COM aggregation behavior as a function of polyR concentration was explored carefully in the region of ζ = 0 mV. The loss of surface charge stabilization at ζ = 0 mV should allow polymer strands bound to crystal surfaces to bridge adjacent particles and thereby form a gel or aggregate with near neutral surface charge, but these aggregates should dissipate at lower or higher polymer concentrations where like-charged particles would electrostatically repel one another and stabilize the suspension of particles in solution. Yet, no aggregation was observed with mixtures of polyR and COM crystals (Fig. 9b) . Evidently, polycations bind with sufficient strength to COM surfaces to migrate with crystals (within the so-called double layer surrounding crystal surfaces) and alter the effective surface charge from negative to positive. This association of polycations, however, is not strong enough to form bridging interactions or shield the surfaces from either the addition of more calcium and oxalate ions to the crystal lattice or adhesive interactions from other macromolecules (or chemically modified AFM tips). Conversely, polyanions apparently bind strongly to COM and form bridging interactions, but they clearly inhibit aggregation. This latter outcome may simply be the result of charge stabilization of COM particles, but . The approximately sigmoidal dependence displays a sharp transition from no effect (ζ = −14 mV) at 1 ng/μg to nearly the saturation limit (ζ = 12 mV) at 2 ng/μg. b R D from aggregation assays as a function of polyR to COM crystal mass ratio. Multiple samples were tested in the region of zero surface charge finding no evidence for induction of COM crystal aggregation by the addition of the polycation, polyR. The dashed line indicates the R D value for the control (no polyR added) experiment. The observed deviations from the control are in the range in the uncertainty for this measurement indicating that charge neutralization was not sufficient to trigger COM particle aggregation bridging interactions could also be limited by the relatively short polymer chain lengths (nm) compared to crystal sizes (µm), as well as the fact that polyanions have been shown to completely condense on crystal surfaces, leaving no exposed loops or trains in solution [87] [88] [89] [90] [91] [92] .
Effects of protein aggregation
Investigations with THP offered a clear picture of protein aggregate-COM crystal interaction, because THP aggregate particles maintained a stable size for timescales longer than a typical experiment (e.g., a few hours). Data obtained using different ratios of THP aggregate to COM crystal mass yielded variations in COM aggregate formation can be described by a simple adsorption model. These calculations revealed that COM aggregation was maximized at a low fractional surface coverage with protein aggregate (about 30%), such that a protein aggregate bound to the surface of one crystal could find and bind to an exposed surface on an adjacent crystal to form a bridge, as illustrated in Fig. 10 . At higher fractional surface coverage, the presence of adsorbed THP aggregates on the opposing crystal surface frustrates crystal aggregation, since the protein aggregates do not readily stick to one another [48] . The fact that native THP molecules also could induce COM aggregation at higher salt concentration (where the native protein forms aggregates) corroborated a critical role for protein-protein interactions in COM aggregation. Similar studies under growth conditions have not been performed with desialylated THP, although we would anticipate that the THP aggregates would demonstrate less effective inhibition of growth processes compared to the same concentration of molecularly dispersed protein, by virtue of a reduced number of free protein particles in solution. A similarity in the phase behavior of most urine proteins was implied through the strong interactions between the desialylated THP and other urine proteins in Far Western blots [48] . The possibility of THP aggregate formation was not considered in many early studies, which not surprisingly showed quite varied behaviors for THP-crystal interactions, as summarized in prior reviews of this topic [1, 39, 93] . While we initially reported COM aggregation using a nearly equimolar mixture of polyD and polyR [49] , subsequent experiments have described the phase behavior over a broader range of mixing ratios, polyion compositions, and polyion concentrations (Fig. 11) . At near equimolar concentrations of oppositely charge polyelectrolytes, the relative particle diameter (R D ) of COM crystals in the presence of polyR-polyD mixtures increased with increasing polymer concentration, reaching statistical significance at about the polymer phase boundary, indicated by the shaded area in Fig. 11a . The data for each polyelectrolyte component separately revealed that these polyions caused disaggregation in the absence of a polymer with opposite charge Fig. 10 Diagram illustrating a proposed coverage-dependency of desialylated-THP-COM aggregation. The COM "seed" surface is depicted as a single crystal for illustrative purposes, with the characteristic elongated hexagonal morphology of COM crystals (see Fig. 6 ). Adsorption is likely to occur on the (100) surface, which accounts for the largest surface area of single crystals, and is likely the predominantly surface area of COM seeds. Two cases are illustrated here for adsorption of aggregates to COM at a partial coverage (50%) and b complete coverage (100%). The former promotes COM aggregation through crystal-protein-crystal bridging interactions, while at some threshold coverage (illustrated here as a surface completely covered with aggregates) repulsion between protein aggregates on opposing crystal surfaces offsets the attractive interactions resulting from any remaining crystal-protein-crystal bridges. (Reprinted with permission from Ref. [47] .) (i.e., R D < 1.1). This phenomenon was more pronounced for polyD, where a significant reduction in R D observed at low polyD concentrations reached a limiting value of 0.8 (at 1.5 μg/mL) with increasing polyD concentration (tested up to 12 μg/mL). In solutions containing polyR, R D was indistinguishable from the control at low concentrations and reached a limiting value of 0.9 at polyR concentrations above 2 μg/mL.
Induction of COM aggregation was clearly dependent on aggregation of oppositely charged polymers leading to phase separation, since neither polymer produced this affect alone. Experiments with THP aggregates demonstrated that the extent of COM aggregation is dependent on the ratio of protein aggregate surface area to COM surface area. Since polyR-polyD aggregates initially formed as very small particles (submicron dimensions) that coalesced gradually to form a discrete phase, the ratio of polymer aggregate to COM crystal surface area changed with reaction time. Consequently, the extent of crystal aggregation was influenced by the temporal nature of this coalescence process, a kinetic component that has not been fully characterized. Duplicating these results quantitatively will depend on precisely matching mixing conditions, although the qualitative features can be easily reproduced.
The change in R D with varying proportions of polyR and polyD is illustrated in Fig. 11b . The solutions were prepared with constant polyD concentration and varied amounts of polyR to achieve charge ratios ranging from 0.5 (polyanion-rich) to 3.0 (polycation-rich). The maximum COM aggregate size (R D = 2.2) occurred near COM charge neutrality (polyR/polyD = 1.0), although it is slightly shifted to polycation-rich conditions (i.e., positive surface charge). These observations are analogous to those reported for other oppositely charged polyelectrolytes, such as DNA-polycation interpolyelectrolyte complexes (IPECs), which exhibit enhanced rates of aggregate formation at equimolar compositions [94] . Surprisingly, the transition in ζ for COM crystals in these mixtures follows an expected sigmoidal transition from negative to positive charge that crosses 0 mV at polyanion-rich conditions, thus COM aggregation was apparently not mediated by loss of surface charge stabilization. At polyion charge ratios above or below the maximum, R D decreased rapidly toward the value of the control (R D = 1.1), though we note that either polymer acting independently would cause R D to fall below the control value. Consequently, polyR-polyD aggregates appeared to induce crystal aggregation even in the presence of a surplus of either polyanions or polycations.
The influence of polyanion/polycation mixtures on COM surface charge and aggregation was explored using other conveniently obtained polyanions and polycations. The zeta potential of COM crystals was measured in solutions containing various pairings of polycations and polyanions mixed in different proportions (Fig. 12) . These binary mixtures all exhibited similar trends, where ζ ranged from about −10 mV in polyanion-rich solutions to +10 mV in polycation-rich solutions. COM charge neutralization occurred at polyelectrolyte charge ratios between 0.7 and 0.9, suggesting that net zero charge occurred in polyanion-rich mixtures for all of these combinations. COM aggregation assays were performed using each of these polycation-polyanion mixtures at equimolar conditions within the two-phase region. The results shown in Table 2 revealed that the choice of polycation had little effect on COM aggregation promotion, while the polyanion selection had a marked effect. Promotion of COM aggregation was observed when either polyD or polyAA was combined with either polyK or polyR, while all mixtures containing polyE resulted in COM disaggregation (R D < 1.1). The lack of polyE interaction at the (100) surface observed in CFM studies is likely correlated with this result. The (100) surface is normally the largest face on COM, and the bridging interactions between crystals must include polymer binding to each crystal; a process that appears to be driven by the polyanion component. Thus, polyE, which does not bind strongly to (100), cannot be part of the bridging interaction required for aggregation, even though polyE will form polymer aggregates with polycations. Conversely, polyAA and polyD were equally effective at inducing COM aggregation, and both demonstrated strong interactions at the (100) surface, as well as frustrating the addition of CaOx growth units to the crystal (growth inhibition).
In these studies of mixed polyelectrolytes, the positive ζ values for COM crystals in polycation-rich solutions appeared to be higher than those observed with either polycation alone, suggesting a cooperative action with polyanions that promoted polycation association with COM surfaces. CFM measurements were performed in solutions containing different proportions of polyD and polyR at a total polyelectrolyte concentration of 5 µg/ mL (Fig. 13) , to better characterize this effect. Unbinding force in CFM measurements were obtained in solutions containing polycation and polyanion mixtures at 1:2, 1:1, and 2:1 mass ratios, corresponding to 33, 50, and 67 wt% polyR. The results were compared to homopolymer solutions of polyD and polyR (0 and 100 wt% polyR, respectively; see also Fig. 8) . A monotonic increase in unbinding force was observed for the carboxylic acid-modified AFM tip with decreasing polyD content, suggesting that increasing the polyR fraction effectively reduced the surface coverage with polyD. The amidinium-modified AFM tip appeared to bind even more weakly to the COM (100) surface in the presence of polyR/polyD mixtures than it did in the presence of polyD alone; however, in the presence of polyR alone, the unbinding force was no different than the unmodified COM surface. This pattern suggests that polyD promotes the association of polyR at or near the crystal surface, presumably through polyD surface interactions, such that it can interfere with the binding of an amidinium-modified tip. Once polyD is removed (i.e., 100% polyR solution), polyR is no longer bound to the crystal surfaces with sufficient strength to affect the unbinding force, though ζ measurements indicate that polyR is still associated with the surface (within the diffuse double layer). Fig. 12 Zeta potential of COM crystals in solutions containing polyelectrolyte mixtures. Polycations (polyR, polyK) and polyanions (polyAA, polyD, polyE) were combined in varying charge ratios. The zeta potential of COM surfaces in the absence of polyelectrolyte (dashed line; control) is −14 mV. The point of zero charge for COM-polyelectrolyte complexes occurs at a polycation to polyanion electrolyte charge ratios below unity, suggesting that the presence of polyanions enhances polycation adsorption at COM crystal surfaces ) and carboxylic acid (-COO − ) moieties and the COM (100) surface in the solutions containing various mixtures of polyR and polyD. Measurements were performed in 0.11 mM CaOx solutions with a total polyelectrolyte concentration of 5 µg/mL (polyR + polyD) in each experiment Data from bulk solution measurements for a similar series of mixtures were previously published [61] and showed that the polyD-rich mixture was nearly identical to the control (no polyelectrolyte added) with respect to COM crystal aggregation promotion. Yet, this result was still was quite different from polyD alone where disaggregation was observed. On the other hand, COM growth rate inhibition measurements were similar between this mixture and polyD alone, indicating that the polymer aggregates present were more strongly involved in crystal aggregation processes than in growth. On the other hand, equimolar (charge neutral) and polyR-rich mixtures apparently blocked growth-related aggregation and shifted the predominant growth mechanism to secondary nucleation in the constant composition experiments [61] , along with promoting aggregation of COM seed crystals in saturated CaOx solutions [49] . The polyR-rich condition also appeared to increase crystal growth rates compared to the control, which may be analogous to reports of growth acceleration by selected native protein structures containing both anionic and cationic side chains [51] .
Conclusions
In summary, polyanions (e.g., polyD, polyAA, and polyE), native urinary proteins (e.g., THP and OPN), and the mixtures of macromolecules isolated from normal urine, bind strongly to crystal surfaces and generally inhibit COM nucleation, growth, and aggregation. CFM measurements of unbinding force demonstrated that polyanions could block the adhesion of AFM tips chemically modified with both amidinium (cationic) and carboxylic acid (anion) terminal groups, suggesting that these adsorbed polymers mask the crystal surface. Interfacial and bulk crystal assays revealed distinct differences in polyelectrolyte-COM interaction due to differences in polyanion chemical structure (polyD vs polyE) that strongly influenced interactions at selected COM faces, but also manifested as observable differences in bulk crystallization, particularly in aggregation behavior. Conversely, polycations were attracted to the COM crystal surface, presumably through electrostatic attractions that were insufficient to lead to strong binding, and thus resulted in little to no effect on bulk crystallization processes or CFM unbinding force measurements. When polycations were combined with polyanions, the polycation-polyanion aggregates that formed could compete with the polyanion-crystal interactions leading to promotion of crystal aggregation in some cases, and promotion of nucleation and growth in others. The effect of the polymer aggregates was strongly dependent on the binding characteristics of the polyanion component, as exemplified by the differences in COM aggregation behavior between polymer aggregates formed with polyD vs polyE. Studies of THP confirmed the connection between the need for polyanion interactions at the crystal surface and polymer aggregate formation to induce aggregation of COM crystals, suggesting that the only important role for polycations in crystal aggregation is the promotion of polymer aggregation.
Model polyelectrolytes selected for this study contain functional groups that mimic the moieties of urinary constituents in the organic matrix of human kidney stones, and limited experimental data in crystallization assays have demonstrated similar behaviors to native proteins. The mixture of urinary macromolecules may be too complex to be approximated by single model polyelectrolytes; however, the complexity of this mixture argues against a dominant role for an individual component, given that all proteins contain the same amino acids, and therefore the same ionic side chains in various proportions. Experiments reported or discussed here have illustrated a range of behaviors that suggest pathways to stone formation based on viewing the average properties of the mixture as a critical parameter. In particular, these experiments have illustrated the important role that polymer aggregates are likely to play in CaOx crystal growth inhibition and the promotion of crystal aggregation, which do not appear to depend on unique protein confirmations (secondary or tertiary structures). More detailed studies to develop molecular-level knowledge of polyelectrolyte binding to COM surfaces will clearly be required; however, signatures of protein aggregation, possibly involving many different proteins simultaneously, should be sought in studies of urine proteins and stone matrix and are likely to provide further insight into the critical processes governing stone formation.
